In a previous report [Landfear, S. M., Lipscomb, W. N. & Evans, D. R. (1978) J. BioL Chem. 253, 3988-3996] we demonstrated that tetranitromethane can be employed to nitrate a limited number of tyrosine residues in aspartate transcarbamylase (carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2); such modification eliminates cooperativity, feedback inhibition, and enzymatic activity, and reduces binding of the feedback inhibitor cytidine triphosphate. Cooperativity is lost more rapidly than other properties, and this loss correlates with the nitration of a single tyrosine residue. In this paper, we describe the saturation kinetics of hybrid species constructed from nitrated subunits of one type (either catalytic or regulatory) and native subunits of the other type. We conclude that the modification responsible for loss of cooperativity is on the catalytic subunit. The tryptic peptide containing this modification has been isolated and identified. The allosteric enzyme aspartate transcarbamylase (carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2) from Escherichia cohl functions at a control locus for the regulation of the pyrimidine biosynthetic pathway (1, 2). This enzyme, which catalyzes the first step unique to that pathway, the condensation of L-aspartate and carbamyl (carbamoyl) phosphate to form carbamylaspartate (3, 4) , exhibits a sigmoidal saturation curve (2) indicative of homotropic or cooperative subunit interactions. The rate of enzymatic catalysis is further modulated by the heterotropic effectors (2): cytidine triphosphate, the end product of the pyrimidine pathway, is a potent inhibitor, while adenosine triphosphate, the product of the parallel purine biosynthetic pathway, is an activator.
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. catalytic chain, 1.4 nitrotyrosines per regulatory chain) that is completely devoid of homotropic and heterotropic interactions but that retains most of the original activity and CTP-binding potential. The hybrid enzymes (CN)6R6 and C6(RN)6, constructed by reconstituting these nitrated subunits with native subunits, exhibited reduced but substantial CTP inhibition, indicating that the loss of heterotropic interactions is due to the combined effect of modifications on both the catalytic and regulatory subunits.
In the present study we have investigated more fully the regulatory properties of these hybrids. The (CN)6R6 species exhibits no measurable homotropic interactions at pH 8.3 , whereas the C6(RN)6 hybrid retains substantial cooperativity; we conclude that the modification responsible for elimination of cooperativity resides on the catalytic subunit. The position of the relevant tyrosine in the primary sequence of the catalytic chain has been determined by isolation and identification of a single nitrotyrosine-containing tryptic peptide.
MATERIALS AND METHODS
Aspartate Transcarbamylase and Subunits. The purification of aspartate transcarbamylase, nitration of the enzyme with tetranitromethane, isolation of native and nitrated subunits, and reconstitution of hybrid enzyme molecules have been reported previously (13) .
Materials. Sodium pH 6.5. After a run at 2500 V for 4.5 hr, the paper was dried and sprayed with 0.3% ninhydrin (Sigma) in ethanol to stain the peptides.
Isolation of the Nitrotyrosine-Containing Peptide. Nitrated catalytic subunit, 57.2 mg in 4.4 ml of 0.10 M KH2PO4, pH 8.0, was mixed, at 3-min intervals, with five 100-Asl aliquots of succinic anhydride, each containing a 2-fold molar excess of anhydride over the 14 lysines of the catalytic chain. Fifteen minutes after the last addition, a 1.2-fold molar excess (with respect to the 32 threonine and serine residues of the catalytic chain) of hydroxylamine hydrochloride was added as two 50-Al aliquots. Throughout the above procedure, the pH was maintained at 8.0 on a Radiometer TTTlc pH-stat by addition of 1 M NaOH. The succinylated protein was transferred to 50 mM NaHCO3, pH 8.9, by elution from a column of Sephadex G-25 fine, concentrated to 1 ml, and incubated for 2 hr at room temperature with 0.57 mg of trypsin (treated with tosylphenylalanyl chloromethyl ketone), added in 100 jA of 1 mM HCI. Another aliquot of trypsin was added, and the incubation was continued overnight. The resulting hydrolysate was applied to a column (1.5 X 55 cm) of DE 52 that had been thoroughly equilibrated with 50 mM NH4HCO3, pH 8.9. The peptides were fractionated by eluting with a 600-ml linear gradient of 50 mM to 400 mM NH4HCO3, pH 8.9. Fractions comprising the major peak absorbing at 428 nm were pooled, lyophilized, redissolved in 1.0 ml of 50 mM NH4HCO3, pH 8.9, and eluted from a column (1.5 X 141 cm) of Sephadex G-50 superfine. The material in the A428 peak, separated from two smaller A20 peaks, was pooled, lyophilized, and dissolved in 750,ul of 50 mM NH4HCO3, pH 8.9. The peptide was stored at -200.
Amino Acid Analysis. The purified nitrotyrosine peptide (4 nmol) was hydrolyzed under reduced pressure at 11-00 for 22 hr in constant-boiling HCI (Pierce), and '/s of the sample was applied to a Beckman 121M amino acid analyzer.
NH2-Terminal Studies. Five nanomoles of peptide was lyophilized, dissolved in 25 ,l of 0.10 M NaHCO3, mixed with 12.5 Al of dansyl chloride (concentration 2.5 mg/ml in dry acetone), and incubated at 370 for 30 min. The solution was dried under a stream of N2, hydrolyzed at 1100 overnight in 400 Al of constant-boiling HCl, dried under reduced pressure over NaOH pellets, and dissolved in 20 Al of 50% pyridine (refluxed over ninhydrin and then distilled). The dansyl amino acid was identified by chromatography (15) on polyamide sheets coated on both sides; the sample was spotted onto one side and a mixture of standards onto the opposite side. Initial identifications were confirmed by applying the sample and the corresponding dansyl amino acid on the same side.
COOH-Terminal Studies. Nine nanomoles of peptide was lyophilized and redissolved in 50 Ml of 0.10 M N-ethylmorpholine, pH 8.5. Carboxypeptidase B or both carboxypeptidases A and B were added ('/o of the peptide, by weight, in 10 Ml) and the solution was incubated at 370 for 2 hr, mixed with 37.5 Ml of dansyl chloride (2.5 mg/ml in acetone), and incubated at 370 for another 30 min; this mixture was dried under a stream of N2 and redissolved in 20 ,l of 50% pyridine. Dansyl amino acids were identified as above. A control containing enzyme but no peptide was treated identically to ensure that the amino acids identified were not released by autodigestion of carboxypeptidase.
Sequencing Studies. Manual Edman degradations were performed on 37 nmol of peptide by the method of Sauer et al. (16) , and the resultant phenylthiohydantoin amino acids were identified by chromatographing against standards on a Beckman model 45 gas chromatograph or on thin-layer plates by the method of Summers et al. (17) . Enzyme Assays. A modification of the radioactive assay of Davies et al. (18) was employed to measure enzyme activity, as detailed previously (13) . For assays at pH 7.0, the buffer was 0.20 M imidazole/acetate, the enzyme concentration was above 1 ,ug/ml, and the reaction was terminated after 5 min. were eliminated was prepared as described in our earlier report (13 Repeated attempts to obtain subunits with discrete modifications (i.e., 1.0 nitrotyrosine per polypeptide.chain) were not successful; a mixture of nitrated and native catalytic subunits was not resolved by elution from DEAE-Sephadex with either salt or pH gradients of various steepness.
RESULTS
Regulatory Properties of the Hybrids. As previously reported (13), both these hybrids retained substantial sensitivity to CTP, revealing that the loss of heterotropic interactions in the intact nitrated enzyme results from modification of tyrosines on both the catalytic and the regulatory chains. Because the loss of cooperativity correlates with the nitration of one tyrosine (13) , studies of the hybrids should resolve whether this tyrosine is on the catalytic or the regulatory chain.
Measurement of saturation kinetics for (CN)6R6 and for reconstituted aspartate transcarbamylase (CgR4) at pH 8.3 ( Fig.  1) reveal the absence of cooperative interactions for the hybrid, as evidenced by the hyperbolic aspartate saturation curve; even in the presence of 0.5 mM CTP, which should amplify any re- Proc. Natl. Acad. Sci NH2-terminal residues were determined by Edman degradation and COOH-terminal residues by digestion with carboxypeptidases A and B. Table 1 gives a comparison of the amino acid composition of our peptide with the theoretical composition for residues Leu20 -Lys2 7. sidual cooperativity, there is no detectable sigmoidicity in the (CN)6R6 data. The double reciprocal plots (Fig. 1 Together, these results demonstrate that the modification that disrupts homotropic subunit interactions is contained in the (CN)6R6 hybrid alone; i.e., it is on the catalytic chain.
Assays performed at pH 7.0 (Fig. 4) disclosed the unexpected result that residual cooperativity reappeared for the (CN)6R6 hybrid; the saturation curve in the presence of 0.5 mM CTP is visibly sigmoidal, and double reciprocal plots in the presence and absence of effectors are all curved, even though substrate inhibition is minimal at this pH.t This result is particularly surprising, because the native enzyme displays a substantial increase in cooperativity when the pH is raised from 7.0 to 8.3t; in the (CN)6R6 species, the pH dependence of cooperativity is the opposite of that for native enzyme. Fig. 3 A and B confirms this conclusion: succinate does elicit some residual activation of (CN)6R6 at pH 7.0 but not at pH 8.3. § Reduction of Nitrotyrosine with Sodium Hydrosulfite. One possible explanation for the reversed pH dependence of cooperativity in the (CN)6R6 hybrid could involve the ionization of the phenolic hydroxyl group on the modified tyrosine. The pK for the hydroxyl of an isolated tyrosine is about 10, whereas that for nitrotyrosine is about 7 (23, 24) . If the protonated form of the tyrosine is necessary to maintain cooperative interactions, nitration of the residue might reduce the pK to the point where the hydroxyl would be almost completely ionized at pH 8.3, eliminating homotropic properties. Lowering the pH to 7.0 should reprotonate a portion of the residues, partially restoring cooperativity.
This hypothesis was tested in the following way. For aminotyrosine, the pK of the hydroxyl is about 10 (23, 24) and that of the amino group is about 5 (23) . Reduction of the nitrotyrosine with sodium hydrosulfite (23, 24) should then restore cooperative interactions in (CN)6R6 at pH 8.3 if the preceding explanation is correct. In fact, the (CN)6R6 hybrid that had been reduced with sodium hydrosulfite (23, 24) (no absorbance peak at 428 nm) did not regain cooperative interactions at pH 8.3 (Fig. 3A) ; the behavior of cooperativity as a function of pH was identical to that for the (CN)6R6 hybrid prior to reduction (Fig.  5) . Hence, nitration of the tyrosine does not effect the loss of subunit interactions by promoting ionization of the phenolic hydroxyl; rather, some steric mechanism must be operative.
Isolation of the Nitrotyrosine-Containing Peptide. position of the relevant modification in the primary sequence of the catalytic chain was determined by isolating and identifying the nitrotyrosine-containing peptide. A 147-mg sample of aspartate transcarbamylase (at 7.0 mg/ml' in 0.10 M Tris/ acetate, pH 8.0), containing a 10-fold excess of N-(phosphonacetyl)-L-aspartate per active site, was nitrated at 25°for 15 min with a 750-fold excess of tetranitromethane; these conditions suffice to eliminate cooperativity without substantially altering other functions (13) . The modified catalytic subunit was isolated and a 57.2-mg sample was succinylated, digested with trypsin (treated with tosylphenylalanyl chloromethyl ketone), and purified by ion exchange and gel filtration chromatography, as described above. The elution profile from the ion exchange column (Fig. 6 ) exhibits only one major absorbance peak at 428 nm, confirming that loss of cooperativity results from nitration of a single tyrosine residue (i.e., one tryptic peptide). High-voltage paper electrophoresis of the purified peptide revealed one very strong spot and two very weak contaminants; purity was estimated at:95% or better.
The results of amino acid analysis of this peptide are presented in Table 1 The existence of a hybrid species, (CN)6R& that is virtually devoid of homotropic interactions but still retains substantial heterotropic functions is consistent with the notion, promulgated by several authors (25) (26) (27) (28) (29) (30) , that these two types of allosteric interaction are separated (i.e., occur by different mechanisms) in aspartate transcarbamylase.
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